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The main objective of this paper is to investigate and analyse the thermo-hydro-mechanical (THM) cou-
pling phenomena and their inﬂuences on the repository safety. In this paper, the high-level waste (HLW)
disposal concept in drifts in clay formation with backﬁlled bentonite buffer is represented numerically
using the CODE BRIGHT developed by the Technical University of Catalonia in Barcelona. The parameters
of clay and bentonite used in the simulation are determined by laboratory and in situ experiments. Thehermo-hydro-mechanical (THM) coupling
rocesses
lay formation
nsaturated porous media
entonite buffer
ODE BRIGHT
calculation results are presented to show the hydro-mechanical (HM) processes during the operation
phase and the THM processes in the after-closure phase. According to the simulation results, the most
probable critical processes for the disposal project have been represented and analyzed. The work also
provides an input for additional development regarding the design, assessment and validation of theHLW
disposal concept.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
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g. Introduction
Radioactive waste is a consequence of using radioactive mate-
ials in industrial, medical, military and research applications. For
igh-levelwaste (HLW), spent fuel (SF) andall long-livedwaste cat-
gories, geological disposal at depths of somehundreds ofmetres is
onsideredworldwide as themost safe and feasiblemethod to pro-
ect humanbeings and the environment for extremely long periods
f time (IAEA, 1993).
Clay formations are being widely investigated as host media for
eep disposal of radioactive waste, such as the plastic Boom Clay
n Belgium, the highly indurated Opalinus Clay in Switzerland and
he Callovo-Oxfordian argillite in France. They are characterized
y very low permeabilities of 10−19–10−21 m2. The porosity varies
rom 0.14 to 0.37. Clays offer high sorption capability for most
adionuclides. The plasticity and self-sealing/healing properties∗ Corresponding author. Tel.: +49 05323 724923.
E-mail address: xiaoshuo.li@tu-clausthal.de (X. Li).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
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f most clay rocks also contribute to the restoration of pre-existing
nd excavation-induced cracks. All of these properties provide
reat advantages for reliable long-term conﬁnement and isolation
f radioactivewaste from the biosphere. The disposal concepts rely
n amulti-barrier systemwith natural geological barriers provided
y the repository host rock and its surroundings and the engi-
eered barriers within the repository. The capability of natural
arriers for long-term isolation of radionuclides from the envi-
onment and their long-term stabilities are the key reasons for
he geological disposal of radioactive waste. The engineered bar-
ier system represents theman-made, engineeredmaterials placed
ithin a repository, including waste form, waste containers, buffer
aterials, backﬁll, and seals (OECD, 2003).
The French repository designed by French ANDRA in 2005 is
ocated in the middle of the Callovo-Oxfordian argillaceous forma-
ion (COX) of 250m thickness at a depth of 500−630m below the
round surface. In order to maximize the length of the radionu-
lide transport to adjacent formations both above and below the
epository, horizontal disposal in drifts, rather than vertical dis-
osal in boreholes, is selected. The HLW containers with 430mm
n diameter and 1335mm in length will be emplaced in dead-end
oreholes (700mm in diameter, 40m long) with liner, as shown
n Fig. 1. These cells are spaced approximately 10m apart and
ach one receives 6–8 containers. The remaining space between
LW containers and cell walls will be backﬁlled with compacted
entonite-based buffer materials. Due to the excavation, ventila-
ion, backﬁlling operation and the heat power of the emplaced
LW, the primary thermo-hydro-mechanical (THM) state of the
lay formation with high water content will be disturbed. Thus,
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iig. 1. French concept for disposal of HLW in horizontal borehole (ANDRA, 2005a).
ong-termTHMprocesses should take place,whichmay have inﬂu-
nce on the conﬁnement capability of the disposal concept against
he release of emplaced radioactive materials. For this reason, a
tudyof the long-termTHMphenomenaduringandafter the repos-
tory operation is necessary for the long-term safety assessment of
he disposal concept.
Although bentonite buffer will probably not be used between
ontainer and drift wall in the most current French disposal con-
ept, it is interesting to obtain the THMprocesses in the twomedia.
he main objective of this paper is to investigate and analyse the
HM coupling phenomena in the rock-buffer system surrounding
eat-emitting radioactive waste. The results will support the per-
ormance and safety assessment of repositories in clay formations.
. Basic theories of THM modelling
.1. THM coupling phenomena
Geological and geotechnical materials, like rocks and back-
ll/buffermaterials, are porousmedia. Generally, the porousmedia
re composed of three species: mineral, water and air, distributing
n three phases: solid, liquid and gas (Fig. 2). The liquid phase con-
ains liquidwater anddissolved air,while the gasphase is amixture
f dry air and water vapour.
In porous media subjected to hydraulic and mechanical con-
itions, complex THM phenomena and interactions take place.
he THM processes of the porous media are coupled through
ome parameters. For instance, the heat transport (thermal) causes
hanges of the pore pressure and the ﬂuid viscosity, which have
nﬂuence on the water and gas ﬂow (hydraulic). As shown in Fig. 3,
heparameters, suchas thermal conductivity andeffective stresses,
re consideredas thebridgeparameters for the couplingof theTHM
henomena.
ig. 2. Schematic representation of an unsaturated porous material (CODE BRIGHT,
004).
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2ig. 3. Mutual relationships between THM processes in a porous medium
CODE BRIGHT, 2004).
The aforementioned THM phenomena have been implemented
n the CODE BRIGHT. Details about the basic theories with the for-
ulated governing equations are described in the code manual
CODE BRIGHT, 2004) as well as other references (Olivella et al.,
994; Gens et al., 1998, 2007; OECD, 2003). In the following con-
ext, the balance equations and constitutive models, which are to
e solved in the calculations, are brieﬂy summarized. Values of the
ssociated parameters for the Callovo-Oxfordian argillite and the
EBX compacted bentonite are taken from Gens et al. (1998, 2007),
ECD (2003), Vaunat et al. (2003), Zhang et al. (2004), and Zhang
2009).
.2. Balance equations
Generally, for the calculations of coupled THMprocesses in geo-
ogical media, a set of balance equations for internal energy, solid
ass, water mass, air mass, and stress equilibrium are to be solved
n a consistent way.
.2.1. Internal energy balance
The internal energy balance can be written as:
∂
∂t
[Ess(1 − ) + EllSl + EggSg] + ∇ · (ic + jEs + jEl + jEg) = f E
(1)
here Es, E1 and Eg are speciﬁc internal energies corresponding
o the solid, liquid and gas phases (J/kg), respectively; s, 1 and
g are the densities of the three phases (kg/m3);  is the porosity
f the total media; S1 is the volumetric liquid fraction (%) and Sg
s the volumetric gas fraction with respect to the pore volume (%),
1 + Sg = 1; fE is the energy supply per unit volume of the considered
edia (J/s); ic is the conductive heat ﬂux; and jEs, jEl, jEg are the
dvective energy ﬂux of each of the three phases with respect to
ﬁxed reference system (J/s). The most relevant advection energy
uxes correspond to vapour and liquid water motion.
.2.2. Water mass balance
The water mass balance can be written as:
∂
∂t
(wl Sl + wg Sg ) + ∇ · (jwl + jwg ) = f w (2)
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Table 1
Thermal law and parameters for the rock and the buffer.
Law Equations Parameter of clay rock Parameter of buffer
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sented by the BBM in a consistent and uniﬁed manner, such as
swelling and shrinking due to moisture change, nonlinear elasto-
plastic deformation with strain hardening, increase in stiffnessFourier’s
law
ic =−∇ T dry = 1.3 W/(mK) dry = 0.7 W/(mK)
 = Slsat 1−Sldry sat = 1.7 W/(mK) sat = 1.5 W/(mK)
herewl and
w
g are themassofwaterperunit volumeof liquidand
as (kg/m3), respectively; jwl and j
w
g denote the total mass ﬂux of
ater in the liquid and gas phases with respect to a ﬁxed reference
ystem (kg/(m3 s)), respectively; and fw is the externalmass supply
f water per unit volume of media (kg/(m3 s)).
.2.3. Air mass balance
The air mass balance is expressed as:
∂
∂t
(al Sl + agSg ) + ∇ · (jal + jag) = f a (3)
here al and 
a
g are the mass of dry air per unit volume of liquid
nd gas (kg/m3), respectively; jal and j
a
g indicate the total mass ﬂux
f air in the liquid and gas phases with respect to a ﬁxed reference
ystem (kg/(m3 s)), respectively; and fa is the external mass supply
f air per unit volume of media (kg/(m3 s)).
.2.4. Solid mass balance
The solid mass balance is expressed as:
∂
∂t
[s(1 − )] + ∇ · js = 0 (4)
here s is the solid density (kg/m3), and js is the ﬂux of solid
kg/(m3 s)).
.2.5. Stress equilibrium
The stress equilibrium is expressed as:
·  + b = 0 (5)
here  represents the stresses (MPa) and b the body forces (kN).
.3. Constitutive models and parameters
The set of the balance equations is completed by constitutive
quations linking the state variables with the dependent variables,
hich are considered in CODE BRIGHT. The constitutive models
escribe the THM behaviours of the material. All the equations
nvolve physical parameters, some of which also depend on the
tate variables of pressure and temperature.
Two materials are taken into account in this simulation work,
hus a lot of material THM properties and parameters need to be
onsidered. In this paper, however, only the important parameters
re summarized. While clay rock is initially saturated by forma-
ion water (suction equals 0), the bentonite buffer has an initial
aturation of 52%.
Heat transport is governed by conduction through the porous
edia and by advective ﬂow of liquid water and vapour. Thermal
onduction is expressed by Fourier’s law, as presented in Table 1.
Liquid and gas advection follows Darcy’s law:
˛ = −K˛(∇P˛ − ˛g) (6)
here K is the hydraulic conductivity of each phase, ˛= l stands
or liquid and ˛=g for gas; ∇P˛ indicates the hydraulic gradient;
nd g is the gravitational acceleration.
The hydraulic conductivity of each phase depends on the intrin-
ic permeability k, relative permeability kr˛, and dynamic viscosity
˛. The hydraulic parameters depend on the material state, i.e. Fig. 4. Thermal conductivity of clay and bentonite as function of water saturation.
orosity, degree of saturation, temperature (see Table 1), etc. Thus,
˛ can be written as
˛ = kkr˛
˛
(7)
= k0
3
(1 − )2
(1 − 0)2
30
(8)
In the simulation, k0 has an initial value of 1×10−20 m2 for
othmaterials. Thebentonite buffer has an initial porosity0 = 0.40
hile 0 = 0.16 for the clay formation.
The thermal conductivity depends on water saturation, as
hown in Fig. 4, for the buffer and the clay rock. The thermal con-
uctivity increases with increasing water saturation. Additionally,
ecause rock has a higher density, its thermal conductivity is larger
han that of bentonite buffer. Fig. 5 illustrates the relationship
etween the permeability and the porosity of the two materials.
he porosity could be changed through the mechanical stress and
amage, so that a coupling of hydraulical andmechanical processes
s to be expected. Fig. 6 shows the water retention curves of the
wo materials, giving the relationship between water content and
apillary pressure in pores or suction.
The mechanical behaviour of compacted bentonite is usually
escribed by a thermo-elastoplastic model named Barcelona Basic
odel (BBM), whereas a so-called damage-elastoplastic (DEP)
odel is applied for the stress–strainbehaviourof brittle clay rocks.
oth models are implemented in the CODE BRIGHT.
Many mechanical features of unsaturated soils can be repre-ig. 5. Permeability related to porosity for the clay rock and the bentonite buffer.
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is the damage strains; D
ijkl
is the undamaged elastic matrix ten-
sor; D is the damage parameter; L is the damage variable; and  is
a structure parameter, which decreases as damage evolves inside
the bonds.Fig. 6. Water retention curves of the clay rock and the bentonite buffer.
nd strength with decreasing water content, and thermal expan-
ion/contraction by temperature change:
εev = dεevp + dεevs + dεevT (9)
εevp =
ki
	
dp′
p′
(10)
εevs =
ks
	
ds
s + pat (11)
εevT = ˛v
T (12)
here  is the Poisson’s ratio, p′ represents the mean stress, s indi-
ates the suction pressure (minus liquid pressure in pore), pat is the
as pressure of the porous media, ˛v presents the thermal expan-
ion coefﬁcient, ki is the bulk modulus, and ks indicates the liquid
welling/shrinking coefﬁcient. As shown in Eq. (9), there are three
arts of deformation in this model: εevp presents the strain from
he mechanical stress, while εevs indicates the swelling/shrinking
train, εevT is considered as thermal expansion/contraction.
The FEBEX bentonite is a highly expansive material. When con-
acting with moisture or liquid water, the bentonite tends to swell.
n order to represent the swelling behaviour of the bentonite, a
imulation of a swelling pressure test has been carried out. Fig. 7
hows themodel of the swelling test on an unsaturated FEBEX ben-
onite sample in a cell of 100mm in diameter and 30mm in height
ith a ﬁxed volume. The bentonite has a porosity of 0.42, an initial
egree of saturation of 23.8%, and a suction of 107MPa. The sample
s wetted at the bottom by a constant water pressure of 0.1MPa.
he swelling pressure at the central point of the sample is to be
btained.
Fig. 8 presents the evolution of the swelling pressure of the con-
trained bentonite during wetting. The swelling property of the
entonite buffer is to be obtained clearly that the swelling pres-
ure increases to 5.0MPa with water up-taking until the sample is
aturated.
Fig. 7. The model set of the bentonite swelling pressure test.
F
(ig. 8. Evolution of swelling pressure in the constrained bentonite during wetting.
In the formulation of a DEP model (Vaunat et al., 2003; Vaunat
nd Gens, 2004), a brittle clay rock is considered as a composite
aterial made of a clay matrix connected by bonds (see Fig. 9).
The clay matrix behaves like a typical elastoplastic soil (see Eq.
13)), while the bonds behave like a typical quasi-brittle material
hat can be represented by a damage elastic law (see Eqs. (14)
nd (15)). The stress–strain behaviour of the composite material is
etermined by coupling both responses of matrix and bonds under
ompatible conditions (see Eq. (16)). The model and the associ-
ted parameters are taken from the literature (Vaunat et al., 2003;
ODE BRIGHT, 2004; Vaunat and Gens, 2004; Zhang et al., 2004;
ens and Olivella, 2006; Zhang, 2009).
Mij = DeMijkl
(
dεMkl − ıkl
ds
KMs
− dεpkl
)
(13)
bij = Debijkl(dεbkl − dεdkl) (14)
eb
ijkl = (1 − D)Deb0ijkl = e−LDeb0ijkl (15)
ij = (1 + )Mij + bij (16)
here M
ij
is the stress at clay particles contact; DeM
ijkl
is the elas-
ic stiffness matrix of the clay particles; εM
kl
is the total strain of
lay matrix; KMs is the bulk modulus against suction change ds,
hich represents the mechanical strains under unsaturated condi-
ion; ıkl is the Kronecker delta; ε
p
kl
is the plastic strains of the clay
atrix; b
ij
is the stress inside bonds; Deb
ijkl
is the secant damaged
lastic stiffness of bond material; dεb
kl
is the strain of bonds; dεd
kl
eb0ig. 9. Schematic arrangements of clay matrix arrangements of bonds in clay rock
Zhang et al., 2004).
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heat output per metre length of the container +buffer surface is
determined by OECD (2003):
je = jeo exp[−abs(e)t] (17)ig. 10. Yield boundary of clay matrix and damage locus of bonds in the clay rock.
Eq. (16) shows the coupling behaviour of the bond and clay
aterial in the clay rock. In case of fully damage (D tends to 1,
tends to ∞), the rock behaves like the destructured soil (clay
atrix).
Fig. 10 illustrates the yield boundary of claymatrix and thedam-
ge locus of bonds in the clay rock. Inside the damage locus, no
amage occurs, however, outside of this zone, loading produces
egradation of elastic properties due to the destructuration of
onds. When the yield boundary of the matrix is attained, plas-
ic deformation begins. In Fig. 10, Rc is the uniaxial compressive
trength, and m is the shape parameter of the yield locus.
. Construction of the numerical model
Based on the French concept in 2005 for the direct disposal of
LW containers in horizontal drifts (Fig. 1), one disposal drift is
onsidered in this modelling work. This drift is considered to be
xcavated at a depth of 500m below the surface. It has a diame-
er of 2.2m and a length of 20m. After excavation, the drift will be
entilated for about 3 months. Four HLW containers of 0.39m in
iameter and 1.7m in length each are emplaced in the 13.6m long
iddle space in a distance of 2.3m to each other. The remaining
pace in the drift will be backﬁlled with compacted bentonite
uffer. The buffer thickness between the container and the drift
all is 0.9m. A large volume of the rock mass around the drift is
aken into account by an axisymmetric model of 100m in radius
nd 100m in length. In fact, this model represents a cylindrical
ock-buffer systemwith the central axis of the containers, as shown
n Fig. 11. Some points are selected in the buffer and the rock
long the radial line (dash yellow line) in the middle of the drift
or recording THM parameters with time.
The materials are assumed homogeneous and isotropic for
ocusing on THM coupling processes in the rock-buffer system,
ven though the clay rock exhibits some anisotropic properties.
nitially, the host rock with porosity of 0.15 is saturated with the
ormation water. The in situ prevailing conditions in the Bure URL
ANDRA, 2005b) are applied to the model. An isotropic rock stress
tate is prescribed with a magnitude of 12.5MPa at the depth of
00m. A pore water pressure of 4.5MPa is assumed. The rock tem-
erature is about 27 ◦C. The atmospheric gas pressure of 0.1MPa is
ept constant, i.e. the initial conditions are ﬁxed at the boundaries
f the rock mass over the modelling procedure including the drift
xcavation, ventilation, backﬁll, and heat emission from the waste.
In the ﬁrst step, the drift excavation and ventilation is simulated
y (1) reducing the stress normal to the driftwall down to zero, and
2) circulating gas along the driftwallwith relative humidity of 85% FFig. 11. Model geometry for the French concept.
gasdensityof1.194kg/m3, vapourmass fractionof1.005%)and the
urbulence coefﬁcient of 10−5 m/s. The drift excavation and venti-
ation will take a time period of 100 days. The applied ventilation
onditions are comparable with the observation in the Mont Terri
RL (Zhang et al., 2007) (the conditions in the Bure URL cannot be
ound in the literature). In order to highlight the ventilation effects,
n extra calculation is carried out for a longer time period of 2000
ays.
Following thedrift excavationandventilation, theHLWcontain-
rs and the bentonite are emplaced in the drift. This is simulated
y simultaneously applying the initial conditions of the buffer and
he decayed heat emitting from the waste containers as thermal
oundary conditions. The bentonite is initially unsaturated with
degree of water saturation of 52%, corresponding to a negative
ore-water pressure or suction of 105MPa. The initial porosity
f the buffer is 0.415. The initial stress in the buffer is zero. The
volution of the heat power per container is illustrated in Fig. 12
ccording to the data from OECD (2003). In the modelling, the total
eat from 4 containers is homogeneously distributed over the sur-
aces of the containers and also over the buffer bodies along the
hole section of 13.6m length.
Considering the 30 years cooling phase of the HLW containers
efore the repository operation, the initial heat output after the
ooling phase is estimated to 670W per container. So the initialig. 12. Evolution of the heat power of a vitriﬁed waste container with time.
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rig. 13. Stresses redistribution at the middle of the drift in rock after 2000 days. (a)
tress distribution along the middle line of the rock. (b) Stress distribution (unit:
Pa).
here e is the heat decay constant of the HLW container, and jeo
s their initial heat power.
. Results and analysis
.1. HM processes in the operation phase
Due to the excavation and ventilation of the disposal drift, the
rimary HM state of the surrounding rock is disturbed. After the
xcavation, the initial stress redistributes in the near area around
hedriftwith aminimumradial component, amaximumtangential
omponent, and a middle component in direction of the drift axis.
ig. 13 shows the redistributed stresses in the clay rock around
he drift as a function of the distance to the drift wall. Whereas
he radial stress at the wall is zero, the tangential stress reaches
4MPa. In the far-ﬁeld beyond the radius of 15m, the difference
etween the stress components tends to zero.
Thedeviatoric stressesarecomparedwith thedamage threshold
f bonds and the yield boundary of clay matrix in Fig. 14. One can
ee that the deviatoric stresses developed in the near-ﬁeld within
radius of about 1m are beyond the damage locus. This means
hat the bonds in the clay rock are more or less destructured. Only
t the drift wall the stress attains the yield curve, so that a plastic
eformation may occur there. The damaged zone extends from the
rift wall into the rock mass in a distance of about 1.5m (Fig. 14b).
The stress changes lead to rock deformation towards the open
rift. Fig. 15 illustrates the evolution of radial displacements at dif-
erent points in the clay rock. The displacement at the drift wall
eaches the maximum of 9mm. At a distance of 25m to the drift
all, the radial displacement is nearly zero because the stress in the
ar-ﬁeld is not signiﬁcantly changed by the excavation. It is also
o
t
r
aig. 14. Comparison between the stresses in the surrounding rock with the damage
nd yield boundaries and the damaged zone after 2000 days. (a) Stress evolution.
b) Damaged zone.
nteresting to note that the displacement at the drift wall keeps
early constant. This indicates the ventilation effect. The clay rock
hrinks on one hand and its stiffness increases with desaturation
n the other hand, which prevent further convergence of the drift.
The drift excavation and ventilation also cause changes in the
ore-water pressure. Fig. 16 shows the resulting evolution and dis-
ribution of the pore-water. Under the relatively dry conditions in
he drift during the ventilation, the pore-water pressure decreases
ith time due to the steady evaporation of the water. The nega-
ive pore-water pressure indicates a desaturation of the rock. Over
000 days (5.5 years), the hydraulically perturbed zone is limited
ithin 5m around the drift.
.2. THM processes in rock-buffer-barriers
The heat emitting from the HLW containers is gradually trans-
erred into the buffer and the rock, forming a temperature ﬁeld
ith varying gradient. Fig. 17 shows the time evolution of temper-
tures at some selected points in the buffer and the rock, while the
emperature distributions at various times are illustrated in Fig. 18.
mmediately after thedisposal of thecontainers, the temperature in
he buffer rises very quickly. The maximum temperature of 157 ◦C
s achieved at the surface of the containers after 2.6 years of heat-
ng. After that, the temperature at the container surface tends to
ecrease slowly with time. At the interface between buffer and
ock, the temperature reaches the maximum of 93 ◦C after 4 years
f heating and then decrease begins. Far away from the interface,
he temperatures in the rock are lower than the conceptual crite-
ion of 90 ◦C. Over the ﬁrst heating phase of 4.5 years, the heated
rea extends from the containers to about 15m into the rock mass.
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Fig. 15. Evolution of radial displacement of the clay rock after drift excavation and
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than the elevated temperature and pore pressure zones (compar-
ing Figs. 19 and 20). The maximum value of the total stress is about
16MPa (negative value indicating compression). Because the totalisplacement vector after the 2000 days ventilation. (a) Displacement evolution. (b)
eformation vector.
ased on the similar modelling results reported in OECD (2003),
t can be expected that the temperature ﬁeld will extend further
nto the rock. But due to the decay of heat output from the HLW
ontainers, the critical temperature is not exceeded in the rock and
cooling down phase will follow.
Themost important hydraulic process in the buffer is the hydra-
ion of the very dry bentonite after backﬁlling. In the clay rock with
ery low permeability, the most signiﬁcant hydraulic process is
he changes of pore-water pressure. Fig. 19 shows the evolution
f pore-water pressure at selected points along the middle sec-
ion in the rock, while the pressure distributions at 1–3 years are
epicted in Fig. 20. Fig. 19 indicates that the drift excavation results
n a sudden increase of the pore-water pressure up to 9MPa near
he drift wall (r=0–0.2m). During the ventilation, the pore-water
ressure falls down to negative values, indicating a desaturation
rocess. The backﬁll of dry buffer causes a more desaturation in
his near-ﬁeld. In contrast to that, heating gives a rise of the pore-
ater pressure in the saturated region (r>0.3m). Within the area
f r<1.5m to the drift wall, the pore-water pressure increases to
he maximum values of 3−7MPa during the ﬁrst month and then
ecreases graduallywith time. The increase in pore-water pressure
s causedby the signiﬁcantdifferenceof thehigherwater expansion
3.4×10−4 K−1) and the lower solid expansion (1.5×10−6 K−1),
hereas the gradual reduction of the pore pressure is due to the
igration of the pore-water (vapour and liquid ﬂow) towards the
ry buffer. The increase rate of the pore pressure becomes slower
n the far-ﬁeld. The maximum pore pressure of 8.8MPa is reached
t the distance of r=4.4m at 1 year. At distance r=11.3m, a lower
eak pressure of about 7MPa is obtained. Fig. 20 shows clearly that
he over pressure zone extends with time from the near-ﬁeld into
he far-ﬁeld but with decreased magnitude of the peak pressure. Fig. 16. Evolution and distribution of pore-water pressure in the clay rock. (a)
ressure evolution at different points. (b) Pressure distribution after 2000 days
entilation.
The temperature increase and the hydraulical processes in the
ock and the buffer have effects on the stress–strain behaviours of
oth materials, which also interact on each other.
Fig. 21 illustrates thermally induced variations of the total radial
tress in the clay rock. Due to the thermal expansion of the rock
ass and the conﬁned load conditions, an excess stress builds
p in the area near and beyond the heated region (comparing
igs. 17 and 18). The high stress zone extends faster and is largerig. 17. Evolution of temperatures at different points in the buffer-rock-barriers.
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Fig. 18. Distributions of temperature at various times.Fig. 19. Evolution of pore-water pressure at selected points in the rock.
Fig. 20. Distribution of pore-water pressure in the rock during the heating phase (unit: MPa).
Fig. 21. Distribution of total radial stress in the rock during the heating phase (unit: MPa).
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tress is still higher than the maximum pore pressure of approxi-
ately 9MPa, no hydraulic fracturing can take place.
The variations of the THM conditions and the backﬁll resis-
ance have impact on rock deformation. Fig. 22 compares the
isplacements at different locations. The heating produces a short
onvergent deformation of the rock near the drift (r<0.2m).
ecause of the build-up of the backﬁll pressure, the deformation
n this area turns back slowly. In the saturated far-ﬁeld (r>1.1m),
he temperature increase results in expansion in all directions, i.e.
ot only towards the backﬁlled drift (positive increment) but also
owards the rock depth (negative increment). Fig. 23 shows the
irections of the rock deformation at 3 years. The thermal expan-
ive heart zone moves with time and seems to be coincident with
hat high pore-pressure zone (comparing Figs. 19 and 20).
It is also interesting to examine the damage of the rock by com-
aring the stress states in the near-ﬁeld with the damage locus and
he yield boundary, as shown in Fig. 24. It is obvious that the devi-
toric stresses in the near-ﬁeld within a radius of about 1m are
eyond the damage locus, indicating that the bonds in the rock are
ore or less destructured. The deviatoric stress at the drift wall
r<0.2m) ﬁrst rises immediately after the excavation and even
xceeds the yield limit. A plastic deformation occurs there. After
Fig. 23. Rock expansion due to the thermal loading after 3 years.
(
(
(
(ig. 24. Rock stress states compared with the damage and yield boundaries.
ackﬁlling, the deviatoric stress reduces gradually due to the back-
ll pressure against the rock. This prevents further development of
he damaged zone and leads the rock to heal with time.
. Conclusions
Inspired by the French concept in 2005 for disposal of HLW
aste and the in situ prevailing conditions data in the Bure URL,
oupled THM processes occurring in the rock and the buffer
uring the drift excavation, ventilation, backﬁlling and heating
n unsaturated porous media have been simulated using the
ODE BRIGHT. The models describe the HM processes during the
xcavation/ventilation operation and the THM processes after the
ackﬁlling in the buffer and in the rock surrounding the HLW
ontainers. Because of the limited capacity of the computer used,
odelling results could be obtained only for the ﬁrst 5 years of the
isposal operation. The main conclusions drawn from the mod-
lling study are summarized as follows:
1) The heat from the HLW containers transfers gradually into the
buffer and the rock. The maximum temperature of 157 ◦C is
observed at the surface of the containers after about 2.5 years.
The temperatures in the rock are limited below the concep-
tual criterion of 90 ◦C, except for that of 93 ◦C at the rock/buffer
interface.
2) Heating causes evaporation of the pore-water in the buffer near
the containers and thus desaturation. In the opposite side, the
water saturation in the buffer near the rock increases.
3) The increase of temperature in the saturated rock generates
a signiﬁcant rise of the pore-water pressure up to 9MPa due
to the very low porosity and the large difference of the water
expansion and the solid expansion. Simultaneously, the total
rock stress increases, too. Because the effective stresses during
the heating phase are still compressive, no fracturing can take
place during the heating period, which could be harmful for the
long-term safety of the disposal.
4) Although only a time period of 5 years of simulation has been
completed due to the limit of the computation capacity and the
high complexity of the processes, the calculated temperature
has reached themaximumvalueatmost areaof themodel, thus,
the most probable critical processes for the disposal project
have been represented. The simulation results are valuable to
understand the THMprocess and its inﬂuence on the repository
project. The work also provides an input for additional devel-
opment in the design, assessment and validation of the HLW
disposal concept.
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